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(57) ABSTRACT

The present disclosure relates to a detection circuit formed
as part of an integrated circuit. In one example, the detection
circuit includes a signal generator configured to generate a
reference signal, and an amplification circuit comprising a
p-channel transistor and an n-channel transistor, wherein the
amplification circuit is affected by a variability that also
affects a functional circuit formed as part of the integrated
circuit. The variability causes the p-channel transistor and
the n-channel transistor to have different respective drive
strengths. The amplification circuit is configured to receive
the reference signal and to provide an amplified signal
representative of a difference in the respective drive
strengths, wherein the reference signal is more insensitive to
the variability than the amplified signal. The present disclo-
sure also relates to an integrated circuit and a method for
detecting and compensating a transistor mismatch.
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1
CIRCUIT AND METHOD FOR DETECTION
AND COMPENSATION OF TRANSISTOR
MISMATCH

CROSS REFERENCE TO RELATED
APPLICATIONS

The present application is a U.S. national stage applica-
tion of International Application Serial No. PCT/EP2014/
054229 filed on Mar. 5, 2014, which claims priority to
European Patent Application No. 13158266.0 filed on Mar.
7, 2013, the contents of each of which are hereby incorpo-
rated by reference.

TECHNICAL FIELD

The present disclosure relates generally to a circuit and a
method for detection and compensation of transistor mis-
match in an integrated circuit affected by variabilities such
as process, voltage, and temperature variations.

BACKGROUND

There are multiple sources of variations that may affect an
integrated circuit, such as process (P) variation, supply
voltage (V) variation, and operating temperature (T) varia-
tion, often referred to as PVT corners. Each source of
variation may affect the entire integrated circuit or part of it.
For example, the temperature variation caused by changes in
ambient temperature may affect all the transistors and inter-
connects on an integrated circuit in the same way, while the
temperature differences due to the presence of a temperature
gradient (e.g., the presence of hot spots) on the integrated
circuit may cause different parts of the integrated circuit to
operate at different temperatures.

Process variations due to die-to-die and intra-die varia-
tions may cause significant differences between the designed
and the manufactured functional circuits in nanometer tech-
nologies as process tolerances might not scale proportionally
with the design dimensions, causing the relative impact of
variations to increase with every new technology generation.
Precise detection and compensation schemes to mitigate
variations and optimize the post-fabrication operating char-
acteristics of a functional circuit to meet its target frequency
and power consumption have become useful for yield
enhancement and improvement.

Some conventional solutions include designing functional
circuits with excessive design margin to deal with process
variation and to help ensure the circuit meets its required
timing. Other known solutions consist of a sensor circuit
determining the extent of a process variation followed by a
compensation circuit that alters the operating characteristics
of the functional circuit appropriately. As such, the effi-
ciency of the compensation scheme may depend on the
accuracy of the detection (sensor) circuit. Some of these
schemes are based on monitoring the delay of the critical
path of the functional circuit, such as an inverter chain or a
replica circuitry. Consequently, either the supply voltage is
adjusted or the threshold voltage is modulated by changing
the bias voltage applied to the circuit transistors.

The variation of fabrication parameters when designing
an integrated circuit (i.e., a functional circuit) is defined as
process variation. Process corners represent the extremes of
these parameter variations within which the circuit may
function correctly. P-channel and n-channel transistors fab-
ricated at these process corners may run slower or faster than
specified and at lower or higher temperatures and voltages.
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Such mismatches between PMOS and NMOS transistors
may affect the circuit characteristics. For example in a
skewed corner, one transistor (e.g., p-channel) may switch
much faster than the other (e.g., n-channel), which causes
imbalanced switching which in turn may result in cells
failing. In near threshold operation, when a functional circuit
operates at a voltage near the threshold voltage of the
transistors, the effect of skewed corners may become even
more pronounced. As a result, the minimum operating
supply voltage for skewed corners is higher than for even
corners (for example when both NMOS and PMOS transis-
tors switch faster). Balanced N and P transistors may enable
lower circuit operating voltage and power, while providing
a higher static noise margin. Any mismatch between these
two types of transistors may cause degradation of the noise
margin, minimum operating voltage, and also performance
and power of the circuit.

In the paper “Vr Balancing and Device Sizing Towards
High Yield of Sub-threshold Static Logic Gates” (Y Pu et al,
Proc. ISPLED, pp. 355-358, August, 2007) a digital solution
for detection of the difference between the PMOS and
NMOS transistor mismatches has been proposed.

SUMMARY

According to one embodiment, the present disclosure
relates to a detection circuit formed as part of an integrated
circuit, the detection circuit comprising: a signal generator
configured to generate a reference signal; and an amplifica-
tion circuit comprising a p-channel transistor and an n-chan-
nel transistor, the amplification circuit being affected by a
variability also affecting a functional circuit formed as part
of'the integrated circuit, the variability causing the p-channel
transistor and the n-channel transistor to have different
respective drive strengths, and the amplification circuit
being configured for receiving the reference signal and for
providing an amplified signal representative of a difference
in the respective drive strengths, wherein the reference
signal is more insensitive to the variability than the ampli-
fied signal.

According to an embodiment of the present disclosure,
the signal generator generates a reference voltage with a
value negligibly affected by variabilities such as process
variations, temperature, and/or voltage variations. Thus, the
amplification circuit, which by design is sensitive to such
variabilities, amplifies and skews this reference voltage.
According to an embodiment, the circuit may detect both
manufacturing process variation as well as variation caused
by aging and change in ambient temperature. Advanta-
geously, the circuit does not require an external voltage
generator, and is able to operate within a wide range of
supply voltages. In addition, it has fewer components, it is
less susceptible to local variation and therefore it has lower
design complexity. The circuit may be implemented fully in
digital CMOS which makes it easily portable across differ-
ent technology.

According to one embodiment, the signal generator com-
prises components configured to operate as two diodes
conducting and connected in series. Advantageously, the
signal generator is able to generate a reference signal insen-
sitive to variabilities within a wide range of supply voltages,
for example 0.3-1.1 V in a 40 nm technology.

According to another embodiment, the signal generator is
designed for reducing voltage fluctuations of the generated
reference signal in the presence of variabilities.
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In another embodiment, the components of the signal
generator are sized such that the voltage fluctuations are
reduced to about 1%.

According to another embodiment, the present disclosure
relates to an integrated circuit comprising at least one circuit
for detecting transistor mismatch.

In another embodiment, the integrated circuit comprises a
control circuit configured for receiving the amplified signal
of the circuit for detecting transistor mismatch and for
generating at least one bias voltage to be applied to at least
one pair of a p-channel and an n-channel transistor in the
functional circuit for compensating a difference in drive
strength of the transistors. The amplification circuit of the
circuit for detecting transistor mismatch may provide a
sufficient amplification, such that a skew in its output signal
is observed which in turn can be processed by a simple
control circuit and then compensated. As such, the amplifi-
cation defines the resolution (i.e. detectability precision) of
the detection circuit.

According to another embodiment, the at least one bias
voltage is further applied to at least one pair of a p-channel
and an n-channel transistor in the amplification circuit for
compensating the difference in drive strength of the transis-
tors, and wherein the control circuit is further configured for
detecting that the difference in drive strength is compen-
sated, based on a voltage change in the amplified signal.

Advantageously, the detection circuit detects a drive
strength difference, representative of the transistors' mis-
match, which is then processed by the control logic circuit.
In turn, the control circuit generates a bias voltage(s) which
is applied to the respective transistor(s) to compensate for
the detected drive strength difference. To achieve better
accuracy in case of presence of more random within-die
variations, multiple detection circuits may be used across the
integrated circuit. In addition, different bias voltages for
both NMOS and PMOS transistors may be generated, which
allows for operation in wide range of supply voltages.

According to one embodiment, the control circuit com-
prises a memory for storing the at least one bias voltage and
is further configured for selecting at least one bias voltage
which reduces a leakage power of the functional circuit.

In another embodiment, the control circuit is configured
for generating a first bias voltage for the p-channel transistor
and a second bias voltage for the n-channel transistor.

According to an embodiment, the present disclosure
relates to a device comprising an integrated circuit according
to the previous embodiments.

According to another embodiment, the present disclosure
relates to a method comprising: generating a reference
signal, and amplifying the reference signal with an ampli-
fication circuit so as to provide an amplified signal repre-
sentative of a difference in respective drive strengths of a
p-channel transistor of a functional circuit and an n-channel
transistor of the functional circuit, wherein the functional
circuit is formed as part of an integrated circuit, the inte-
grated circuit being affected by a variability causing the
p-channel transistor and the n-channel transistor to have
different respective drive strengths, wherein generating the
reference signal comprises generating a reference signal
more insensitive to the variability than the amplified signal.

In one embodiment, the present disclosure relates to a
method wherein the amplified signal is also representative of
a difference in respective drive strengths of a p-channel
transistor of the amplification circuit and an n-channel
transistor of the amplification circuit, the method further
comprising: receiving the amplified signal and generating a
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bias voltage based on the amplified signal, and providing the
bias voltage to a transistor of the functional circuit.

In another embodiment, the method further comprises,
applying the bias voltage to the p-channel transistor of the
amplification circuit or the n-channel transistor of the ampli-
fication circuit; and detecting that the difference in drive
strength between the p-channel transistor of the amplifica-
tion circuit and the n-channel transistor of the amplification
circuit is compensated.

In a further embodiment, the method further comprises
storing the bias voltage in a memory, and selecting from the
memory at least one bias voltage which reduces a leakage
power of the functional circuit.

The disclosure is also related to a method wherein gen-
erating the bias voltage comprises generating a first bias
voltage for a p-channel transistor and a second bias voltage
for an n-channel transistor.

According to another embodiment, the method performs
a search to find bias voltage pairs that equalize the drive
strength of NMOS and PMOS transistors and stores them in
a memory. From these pairs, the one that reduces the
leakage—the pair with the minimum sum—is selected and
applied to the amplification circuit of the circuit for detect-
ing transistor mismatch and the functional circuit. This way,
the functional circuit has a reduced power consumption
while still operating correctly. Furthermore, the method may
be executed before or during the operation of the functional
circuit. This allows for compensation of transistor mis-
matches due to variabilities, such as process, temperature,
and voltage variations as well as aging.

In another embodiment, the step of generating at least one
bias voltage comprises generating a first bias voltage for the
p-channel transistor and a second bias voltage for the
n-channel transistor.

According to an embodiment, the proposed solution may
be relevant for emerging systems operating at near-threshold
voltage in which the impact of process variation becomes
more pronounced (even in older CMOS technologies).
Functional failure may occur due to a skewed corner.
Furthermore, according to another embodiment, the pro-
posed solution may be also used to tune a functional circuit
under evaluation by applying an appropriate bias voltage.
According to another embodiment, the proposed solution
may be applicable for nanometer CMOS technologies where
large process variation eliminates the classic worst-case
design as a viable solution.

The methods for detecting and compensating of the
present disclosure, offer a number of advantages. For
example, they can be applied during the life time of the
circuit when the functional circuit is not in-use (e.g. at idle
cycles) which allows mitigation of transistor mismatch due
to manufacturing process variation as well as variation
caused by aging and change in ambient temperature. As a
result, the functional circuit may correctly operate at lower
supply voltages. Furthermore, the method for compensating
is capable of subsiding threshold mismatches (differences in
drive strength) between NMOS and PMOS transistors while
still providing a leakage optimal solution. The proposed
detection circuit and the control circuit do not require an
external reference voltage and may be applied not only to
low voltage operation (e.g. near threshold), but to a wide
range of supply voltages. The methods also allow for
reduced power consumption even when threshold voltage
V r; mismatches between NMOS and PMOS transistors
result in a nearly identical delay but poorer power charac-
teristics as compared with a nominal operating corner. In
addition, both circuits may be implemented fully in digital



US 9,425,795 B2

5

CMOS which makes these circuitries easily portable across
different technologies. The circuitries have the advantages of
having less components, being less susceptible to local
variation and therefore offer less design complexity.
Certain objects and advantages of various new and inven-
tive aspects have been described above. It is to be under-
stood that not necessarily all such objects or advantages may
be achieved in accordance with any particular embodiment
of the present disclosure. Those skilled in the art will
recognize that the solution of the present disclosure may be
embodied or carried out in a manner that achieves or
optimizes one advantage or group of advantages without
necessarily achieving other objects or advantages.

BRIEF DESCRIPTION OF THE DRAWINGS

For a better understanding of the present disclosure, some
embodiments are described below in conjunction with the
appended figures and detailed description, wherein:

FIG. 1 illustrates an integrated circuit according to one
embodiment.

FIG. 2 illustrates an integrated circuit according to
another embodiment.

FIG. 3 illustrates an integrated circuit according to a
further embodiment.

FIG. 4 illustrates a circuit schematic of a signal generator
according to an embodiment.

FIG. 5 illustrates a mean and standard deviation of the
bias voltage for a logic gate with different drive strengths at
different supply voltages according to an embodiment.

FIG. 6A illustrates an example plot of a skewed SF corner
with and without bias voltage correction according to an
embodiment.

FIG. 6B illustrates an example plot of a nominal TT
corner with and without bias voltage correction according to
an embodiment.

FIG. 7A illustrates a flow chart of the initialization phase
of'a method for compensating according to an embodiment.

FIG. 7B illustrates a flow chart of the runtime phase of a
method for compensating according to an embodiment.

FIG. 8 illustrates an example of bias voltage waveforms
for a p-channel transistor and an n-channel transistor,
respectively, according to an embodiment.

DETAILED DESCRIPTION

The present disclosure will be described with respect to
particular embodiments and with reference to certain draw-
ings but the disclosure is not limited thereto. The drawings
described are only schematic and are non-limiting. In the
drawings, the size of some of the elements may be exag-
gerated and not drawn to scale for illustrative purposes. The
dimensions and the relative dimensions do not necessarily
correspond to actual reductions to practice of the disclosure.

Furthermore, the terms first, second, third and the like in
the description and in the claims, are used for distinguishing
between similar elements and not necessarily for describing
a sequential or chronological order. The terms are inter-
changeable under appropriate circumstances and the
embodiments of the disclosure can operate in other
sequences than described or illustrated herein.

Moreover, the terms top, bottom, over, under and the like
in the description and the claims are used for descriptive
purposes and not necessarily for describing relative posi-
tions. The terms so used are interchangeable under appro-
priate circumstances and the embodiments of the disclosure
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6

described herein can operate in other orientations than
described or illustrated herein.

The term “comprising”, used in the claims, should not be
interpreted as being restricted to the means listed thereafter;
it does not exclude other elements or steps. It needs to be
interpreted as specifying the presence of the stated features,
integers, steps or components as referred to, but does not
preclude the presence or addition of one or more other
features, integers, steps or components, or groups thereof.
Thus, the scope of the expression “a device comprising
means A and B” should not be limited to devices consisting
of only components A and B. It means that with respect to
the present disclosure, the only relevant components of the
device are A and B.

It should be noted that the use of particular terminology
when describing certain features or aspects of the disclosure
should not be taken to imply that the terminology is being
re-defined herein to be restricted to include any specific
characteristics of the features or aspects of the disclosure
with which that terminology is associated.

In other instances, well-known methods, structures and
techniques have not been shown in detail in order not to
obscure an understanding of this description.

In the context of the present disclosure, the term “die”” and
“integrated circuit” are used at times interchangeably to
refer to electronic circuits fabricated using semiconductor
materials that provide certain functions or operations. The
term “functional circuit” is used at times to refer to the
circuit part of the integrated circuit providing the “intended”
functionality and to distinguish from other circuits which
assist and control its operation.

Hereto, in the context of the present disclosure, the term
“process variation(s)” is used at times to refer to the devia-
tions in a transistor and interconnect parameters due to
semiconductor fabrication processes, wherein the term
“variabilities” may be used to refer to different sources of
variations including process, temperature, and/or voltage
variabilities.

The term “drive strength” may refer to the drain-source
current of a transistor when the transistor is on. The differ-
ence of drive strength between transistors may define their
mismatch.

Process variation is a term used at times to refer to a
variation of fabrication parameters when designing an inte-
grated circuit (i.e., a functional circuit). Process corners
represent the extremes of these parameter variations within
which the circuit may function correctly. A p-channel tran-
sistor and an n-channel transistor fabricated at these process
corners may run slower or faster than specified and at lower
or higher temperatures and voltages. Process corners are,
named with two-letter designators, where the first letter
refers to the N-channel MOSFET (NMOS) corner, and the
second letter refers to the P channel (PMOS) corner. In this
naming convention, for each transistor type (NMOS or
PMOS) three corners may exist: typical (nominal), fast
(high) and slow (low), where fast and slow corners exhibit
faster and slower than normal (typical) transistors perfor-
mance, respectively. For example, a corner designated as FS,
denotes fast NMOS and slow PMOS transistors. Five pos-
sible corners include: typical-typical (TT), fast-fast (FF),
slow-slow (SS), fast-slow (FS), and slow-fast (SF). The first
three corners (TT, FF, SS) are called even corners, because
both types of transistors are affected evenly, and generally
do not adversely affect the logical correctness of the circuit.
Thus, these transistors can function at slower or faster clock
frequencies. The last two corners (FS, SF) are called skewed
corners, because one of the NMOS or PMOS transistors will
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switch much faster than the other, thus forming imbalanced
switching which can cause one transistor at the output to
switch much faster than the other. This may result in failing
cells, both (e.g., combinatorial and latching cells), especially
when operating near-threshold supply voltage.

As described previously, a process variation may result in
parametric yield loss, which may refer to the yield loss
associated with dies that exhibit correct functionality but do
not meet the target performance requirements such as speed,
peak power, or standby current. In near threshold operation,
when a functional circuit operates at a voltage near the
threshold voltage of the transistors, the effect of skewed
corners may become even more pronounced. As a result, the
minimum operating supply voltage for skewed corners may
be higher than for even corners.

In one aspect the present disclosure relates to a circuit for
detecting transistor mismatch. Referring to FIG. 1, the
detection circuit 1 detects, in a functional circuit 3, a
difference in drive strength, defined as the drain-source
current of a transistor when it is on, between N-channel and
P-channel transistors. As both the detection circuit 1 and the
functional circuit 3 include p-channel and n-channel tran-
sistors and are located on the same integrated circuit 10, as
shown in FIG. 1, both circuits are susceptible to the same or
similar variabilities. Once a transistor mismatch is detected
by the detection circuit 1, a control circuit 2 generates at
least one bias voltage to compensate for the detected tran-
sistor mismatch. The bias voltage(s) is applied to the detec-
tion circuit 1 and adjusted until the transistor mismatch is
compensated. The compensation is thus a gradual process.
The bias voltage(s) may be applied to the functional circuit
3 at the same time or perhaps only after the detection circuit
1 indicates a compensated transistor mismatch.

Process (parameter) variabilities define the variation of
the process parameters from the TT corner and are catego-
rized as die-to-die and within-die variations. A die-to-die
variation affects all the transistors on a die (i.e. integrated
circuit 10) in a similar fashion and is often modeled as a
process parameter shift (e.g. a shift in V;; of all transistors
on the die), while a within-die variation affects individual
transistors on a die or a group of transistors in close mutual
proximity. For integrated circuits in older technologies or
with small area (size), the die-to-die variations are dominant.
In these cases, the detection circuit 1 and the functional
circuit 3 may experience similar trends of process, tempera-
ture, and voltage variations. In cases where within-die
process variations are not negligible, multiple detection
circuits could be deployed in different locations on the
integrated circuit, each of them sensing and controlling the
variability of different regions of the integrated circuit. In
this case, the integrated circuit may be partitioned to mul-
tiple regions with controlled bias voltage, according to the
within-die process variation. When the detection circuit 1 is
used for detecting PMOS and NMOS transistor mismatch
caused not only by process variations but also by tempera-
ture and/or voltage variations, the same principle holds. For
example, in the case of no within-die temperature gradient
and only ambient temperature variation, the detection circuit
1 and the functional circuit 3 may experience the same
variation. In the cases of temperature difference between
different regions of the integrated circuit, multiple detection
circuits can be employed. The circuit 1 may determine the
extent of variations which when compensated allows the
functional circuit 3 to operate appropriately. The circuit 1, as
shown in more detail in FIG. 2, includes a signal generator
4 and an amplification circuit 5. The signal generator 4, in
contrast to conventional solutions, generates a signal insen-
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sitive to variabilities (process, temperature and/or voltage
variations). The generated signal value does not change
significantly in the presence of such variations. The ampli-
fication circuit 5, however, experiences the same or similar
variations as the functional circuit 3. In other words, the
amplification circuit 5 behaves similarly to the functional
circuit 3 and mimics the variabilities of the functional circuit
3.

As explained previously, these variabilities may cause
mismatches in the drive strength between p-channel and
n-channel transistors. To detect the difference in drive
strength of the PMOS and NMOS transistors in a functional
circuit 3, in contrast to e.g. Pu et al., where the whole
detection circuit is designed as sensitive to variabilities, in
the present example, only the amplification circuit 5 is
designed to be sensitive to variabilities.

The amplification circuit 5 receives as an input signal Vin,
the signal generated by the signal generator 4, i.e. Vin=V ,,,/
2, and outputs an amplified signal Vout. As the input signal
Vin passes through the amplification circuit 5, it gets skewed
in a similar manner as it would by the functional circuit 3.
Thus, if the amplification circuit 5 (and the functional circuit
3) is skewed toward e.g., the SF or the FS corner—
depending on the process variation of the integrated circuit
1 and the temperature and voltage variations—the signal
outputted by the amplification circuit Vout is a skewed
amplified signal which would be greater or lower than input
signal Vin (e.g., greater or less than V,/2). The output at
the amplification circuit 5 is, therefore, either a logic “1”
(e.g. defined as at least 70% of V, or at least 90% of V)
or a logic “0” (e.g. defined as no more than 30% of V,, or
no more than 10% of V), which may be an indication of
a transistor mismatch.

In an example embodiment, the signal generator 4 as
shown in FIG. 4, is designed to be more insensitive to
variabilities than the amplification circuit 5. It comprises a
pair of diodes 4a, 45 that are conducting and connected in
series. Each diode 4a and 46 may be a PMOS transistor in
a conducting diode configuration, i.e. with connected gate
and source terminals. However, other implementations, such
as transistors configured as a conducting diode, NMOS and
PMOS transistors as non-conducting diodes, as well as
implementations with passive elements such as resistors are
also possible. At its input, the signal generator 4 receives
ground (GND) and outputs a voltage that is half of the
supply voltage Vin=V /2. The signal generator 4 functions
as a voltage divider generating an accurate V /2, therefore,
eliminating the need for an external (analog) reference
voltage. The accuracy is defined as

% 100.

The sizing of the two transistors (4a, 4b) affects the
accuracy of the generated signal Vin in the presence of
variation. PMOS transistors provide a more accurate output
voltage, especially at lower operating voltages. The input
voltage of the signal generator is set to GND during func-
tional mode to generate V,,,,/2 at its output, which during
non-functional mode is set to V,, to save power.
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TABLE 1
[n-30p+30] [w-30cp+30]
Size Vpp=11V Vpp=03V

0.1330 0.1668
0.1377 0.1625
0.1455 0.1545
0.1469 0.1531

W = 0.9 pm, L = 0.04 ym
W =09 pm, L=01pm

W =13.2 pm, L = 0.04 pm
W =132 pm, L =0.1pm

0.5338 0.5660
0.5383 0.5618
0.5454 0.5546
0.5470 0.5531

Table 1 shows statistics of the generated V,,/2 for
different sizes of the transistors 4a, 46 in the presence of
random within-die process variation in a 40 nm technology.
The generated V /2 voltage is shown in the range of p+30,
where L and o are the mean and the standard variation of the
generated V /2 distribution respectively. An accuracy of
close to 1% is achieved for a nominal supply voltage of
Vpp=1.1 V. Additionally, at lower V5, a longer channel
length (e.g. L=0.1 um for a 40 nm technology) is used to
achieve an increased accuracy. Similar results were
observed for other process corners, i.e. FF, SS, SF, and TT.
The table also shows the statistics of generated V /2 for
Vpp=0.3 V. With these sizings, an accuracy of 2% can be
achieved. An improved accuracy (e.g., 1%) of V,/2 can be
achieved by further increasing the size of the transistors.

A potential advantage of the proposed signal generator 4
is that it is able to generate a reference signal Vin that is
insensitive to variabilities for a wide range of supply volt-
ages, such as 0.3-1.1 V in a 40 nm technology.

In one embodiment, the signal generator 4 may be imple-
mented with basic components only (i.e. PMOS or NMOS
transistors) which allows it to be integrated on the same
integrated circuit as the functional circuit 3.

In another embodiment, the detection circuit 1 needs to
provide a sufficient resolution in detectability of the differ-
ence in drive strength. This resolution (i.e. detectability
precision) is defined by the amount of amplification of the
input signal Vin. Thus, the amplification circuit 5 needs to
provide a sufficient amplification, such that a skew in the
output signal Vout can be processed by a simple control
circuit 2 and then compensated. The amplification circuit 5
comprises at least one logical gate 5a-5r connected in series
to the signal generator 4. In some examples, the logic gate(s)
5a-5n can be inverters. The inverter cell sizing and the
number of amplification stages affect the sensitivity of the
control circuit 2 and in turn the accuracy of the generated
bias voltage.

In another embodiment, the control circuit 2 comprises a
controller and a bias generator circuit (not illustrated in the
figures). The controller may be implemented in hardware or
in software. For example, if implemented in software a
simple microcontroller or a microprocessor may be used to
realize its function. The bias generator circuit may be
implemented as a digital or analog circuit as well.

In another embodiment, the detection circuit 1 may
include some of the functionalities of the control circuit 2 as
shown in FIG. 3. The control circuit 2 can be split into a first
control circuit 2' and a second control circuit 2", wherein the
first control circuit 2' is part of the detection circuit 1. In this
case, the first control circuit 2' may generate voltage signals
Vs Vi prepresentative of the drive strength of each p- and
n-channel transistor. The rest of the functionality of the
control circuit 2 may be provided by the second control
circuit 2".

In another aspect the present disclosure relates to an
integrated circuit 10 comprising at least one detection circuit
1. In order to compensate for transistor mismatch and bring
transistors' performance (for example to reduce the thresh-
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old voltage V 4, variations) of the functional circuit 3 closer
to the transistors' performance of a TT corner, either the
NMOS or the PMOS transistors, or both, can be forward
and/or reverse biased by applying a bias voltage to the
transistor’s bulk terminal. The amplified signal Vout at the
output of the detection circuit 1 is thus provided as an input
for a control circuit 2 which generates at least one voltage
signal V5 5, V » for compensating the detected difference in
drive strength. The generated signal(s) Vz , Vg p is then
applied to both the functional circuit 3 and the amplification
circuit 5 of the detection circuit 1.

In comparison to a conventional solution, the proposed
detection circuit 1 may operate with a wide range of supply
voltages (e.g. 0.3 V-1.1 V), because (i) the output of detec-
tion circuit 1 is processed by the control circuit 2 and (ii) the
control circuit 2 generates different bias voltages V1, Vi »
for each of the NMOS and PMOS transistors for balancing
their drive strength.

In one embodiment, the amount of the bias voltage to be
applied can be determined, for example, in an iterative
manner. The bias voltage values Vi, V; » can be increased
or decreased in steps until the output of the amplification
circuit 5 changes from one binary value to another. For
example, if the amplification circuit 5 and the functional
circuit 3 exhibit a skewed SF corner, then the output signal
of the amplification circuit 5 Vout would be a logic “1”. In
this case, a bias voltage is applied to the PMOS or NMOS
transistor, or both, until the Vout changes from a logic “1”
to a logic “0.” The change of the output voltage is an
indication for a compensated transistor mismatch. For a
nominal voltage (e.g. V,,=1.1 V), the V; ,and V ,, may be
set within the range of V,,+V /2 and +V /2 respec-
tively. These ranges change depending on the process tech-
nology and the operating voltage. For example, for an
operation voltage closer to the threshold voltage of the
transistors, the V ,, range can be set to 2V,

The accuracy of the bias voltages V », V » depends on
how tight the distribution of the bias voltage is at which the
output of the detection circuit 1 toggles in the presence of
variabilities (e.g. within-die process variation), as well as,
how precisely the bias voltage is set independent of observ-
ing a logic “0” or a logic “1” at the output of the amplifi-
cation circuit 5.

Different inverter cell sizes such as INVERTERI12,
INVERTER24, or INVERTER8%24 may be used for the
inverters of the amplification circuit 5. Herein, INVERTER
represents an inverter with N and P transistors with a drive
strength similar to a TT corner and the number (e.g. 12, 24,
and 8x24) represents its drive strength. The impact on bias
voltage distribution for detecting a logic “0” or a logic “1”
are similar. It has been observed that the drive strength of the
inverter has an impact on reducing the bias distribution from
30 of more than 200 mV for INVERTER12 to less than 50
mV for the case of INVERTER8%24. If, for example, the
required bias voltage precision is 50 mV, using an
INVERTER8x24 inverter cell is sufficient; using a larger
cell may not yield any extra benefit.

FIG. 5 shows the mean p and variance o of the bias
voltage for different inverter cells at different supply volt-
ages, where the error bar shows the 30 variation. The figure
shows that by using cells with larger drive strength at each
amplification stage, the 30 variation of the recommended
bias using the proposed solution is reduced independently of
the supply voltage. Although, this reduction is more pro-
nounced at lower voltage where 70% reduction in 30 was
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observed using INVERTER4x24 instead of INVERTER12
at 0.2 V as compared to around 40% reduction in nominal
voltage of 1.1 V.

FIG. 6A and FIG. 6B show an example of a minimum bias
voltage(s) V »» Vj p reducing the gap between the skewed
(SF) and nominal (TT) corner for an inverter with its input
and output connected together. The output voltage of such
inverter, in case of no skew between the NMOS and PMOS
transistor, is expected to be close to V /2. In case of skew
between the transistors, applying an appropriate bias voltage
to one or each of them, the output voltage of the inverter gate
is brought closer to the TT corner (very close to V/2).
Monte-Carlo results in a 40 nm low-power technology
illustrated in FIG. 6A show that the proposed detection
circuit 1 reduces the gap between the skewed and the typical
corners to less than 0.2%. For the case of a nominal TT
corner, the inverter output does not change in any significant
way (FIG. 6B).

For an inverter with its input and output tied together, a
bias precision of 50 mV is enough to bridge the gap between
a skewed corner and a TT corner (i.e. to bring the output of
such an inverter as close to V /2 as possible). The impact
of higher bias precision (i.e. smaller than 50 mV) on the
effectiveness of the detection circuit 1 is negligible.

The proposed detection and control circuitries enable the
functional circuit 3 to operate at a lower supply voltage,
which in turns results in power saving due to both lower
dynamic and leakage power. In particular, the use of both
forward and reverse biasing of NMOS and PMOS transistors
enables leakage power saving. For example, the leakage
saving for an FF corner achieved as compared with the case
of'no biasing, using the proposed circuitry and the algorithm
presented as a pseudo-code (FIG. 7A and FIG. 7B), is on
average 70.8% and at maximum of 75.6%.

Another aspect of the present disclosure relates to a
method for detecting a transistor mismatch, in an integrated
circuit 10 affected by variabilities. The variabilities cause a
difference in drive strength of p-channel and n-channel
transistors in the integrated circuit. The method comprises
generating a reference signal Vin followed by amplification
of the reference signal. In one embodiment, the reference
signal is generated in such a way that it is less affected by
variabilities than the amplified signal. Thus, as explained
above, the value of the amplified signal Vout is representa-
tive of the difference of drive strength between the transis-
tors. For example, in presence of variabilities, due to the
difference of drive strength between the transistors, the value
of the amplified signal will be different than the value of the
reference signal.

Another aspect of the present disclosure relates to a
method for compensating a difference in drive strength
between a p-channel transistor and an n-channel transistor in
a functional circuit 3. The method described herein operates
in an iterative fashion to obtain a good bias voltage for
compensating the transistors' mismatches. A good bias volt-
age may refer to the bias voltage or voltages Vi, Vj 5,
applied at the bulk terminal of one of the transistors or both,
which brings the transistors' performance closest to the TT
corner. The method comprises a step of determining, with
the detection circuit 1, as described above, a value repre-
sentative of the difference in drive strength and a step of
generating and adjusting a bias voltage Vi , V 5. The bias
voltage is applied to one of the transistors or to both of them
until the transistors’ mismatches are compensated. For
example, at a certain iteration, depending on the output of
the detection circuit 1, a bias voltage for the NMOS tran-
sistor may be selected. In the following iteration, again
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based on the detection circuit 1 output, a bias voltage for
example for the PMOS transistor may be selected. These
two steps are repeated until the transistors' mismatch is
compensated. To speed up the method, in one iteration a bias
voltage for both the p-channel and the n-channel transistors
may be determined. Different bias voltages for each of the
p-channel and n-channel transistors may be generated. Addi-
tionally, forward and reverse biasing may be applied to
either of the NMOS and PMOS transistors. This allows the
proposed method to be applicable to a wide supply voltage
range (e.g. 0.3 V-1.1 V).

The method may include an initialization phase (FIG. 7A)
and a runtime phase (FIG. 7B). The initialization phase may
be performed, for example, after fabrication to set the bias
of NMOS and PMOS transistors or each time that the
integrated circuits restarts. The runtime phase may be per-
formed periodically during circuit operation at a frequency
based on the expected rate of changes in process, voltage,
and/or temperature, for example, every 10 minutes or every
10 days.

In an example embodiment, at initialization, at step 100
the bias voltages for the PMOS and NMOS transistors are
initially set to V ,=V,, and V=0, respectively. At each
iteration, at step 140, the V5  voltage is decreased or V5,
is increased. Optionally, both voltages can be adjusted at the
same iteration. The bias voltage(s) are changed until the
output (Vout) of the detection circuit 1 changes from one
value to another 120, which is an indication for a transistor
mismatch that has been compensated.

In another embodiment, the method may include finding
all pairs of Vzn, Vjz p that equalizes the drive strength of
NMOS and PMOS transistors. Each pair satisfying the
condition of 120 is stored in a memory 130. After complet-
ing the search, all bias pairs balancing the transistor mis-
match will be stored in the Possible-Bias-List. In one
embodiment, at 150 the pair of bias voltages with their sum
being a minimum of all the stored bias pairs is selected. The
selected pair of bias voltages also may reduce the leakage
power of the functional circuit 3.

While the circuit is running, due to temperature and
voltage variations and/or aging, the drive strength of the
transistors can change. This change is reflected in a change
of the output value (Vout) of the detection circuit 1. During
the runtime phase, in 160, the method may include checking
for changes in the output voltage (Vout) of the detection
circuit 1 after predetermined intervals of time. If a change in
Vout is detected, the current bias voltages (Vz p, V y)—¢.g.
the bias voltages as set in the initialization phase—are
incrementally changed (simultaneously or in an alternating
fashion) 170 until the output (Vout) of the detection circuit
1 changes 180. At block 180, the method includes an
additional step of verifying if the bias voltage(s) is within
acceptable limits, that is Vg 5=V, 05 V simax.p] a0d Vg =
[V sminas Y smaxn]> 18 performed. For example, in a 40 nm
technology and V,,=1.1 V, the respective limits may be
Vi 10.55V-1.65V] and V; ,=[-0.55V-0.55V]. After a new
pair of bias voltages is selected, the period of time is reset
190.

During runtime operation, the variation is expected to be
gradual and therefore generally only fine tuning of the bias
voltage(s) is required which can be performed without
disrupting the operation of the functional circuit 3. Alterna-
tively, a search as in the initialization phase may be per-
formed if sudden changes in PVT are expected or the period
of fine tuning is very large.

The possible range for the bias voltage(s) depends on the
given V,,, and on the transistor type. Different maximum
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and minimum bias voltage values for each transistor type
may be defined. For a nominal voltage of for example
Vpp=1.1 V, the Vz, may be set within the range of
Vgminz=Vop=Vpp/2 10 Vi, 5=Vpp+Vpp/2, and Vg
may be set within the range of Vg, =—Vp/2 to
V gmaxv—+Y pr/2. As explained above, these ranges depend
on the process technology and the operating voltage. For
example, for an operation voltage closer to threshold voltage
of the transistors, the V ., range can be set to £2V ,,.

FIG. 8 shows example waveforms of the search, wherein
perhaps all possible bias voltages in the defined bias voltage
ranges are explored. The bias voltages are initially set to
V=V smarrVop+tVop/2 and Vg =V, 0 ==V /2. At
each iteration, V , is incrementally increased with +A as at
step 140. Once Vj, reaches it is maximum value
V2=V smaxs it 1s reset to its minimum value Vg, . At
step 140, V 5, however, is decreased by A only when V
reaches its maximum value. In this example, only one bias
voltage is changed per iteration. This process is repeated
until all possible bias voltage combinations are explored.
During the search, the pairs of bias voltages which bring the
transistors' performance closest to the nominal corner may
be saved in a memory 130. A similar search process may be
used also for the runtime phase in FIG. 7A.

Advantageously, the detection circuit 1 may be imple-
mented in a digital CMOS making it easily portable across
different technologies, and together with control circuit 2,
may be capable of alleviating threshold mismatches (differ-
ences in drive strength) between NMOS and PMOS tran-
sistors. The detection circuit 1 and the control circuit 2 may
be applied to a wide operating voltage range (e.g. 0.3 V-1.1
V). The need for an external reference voltage is also
avoided. According to at least one embodiment, the pro-
posed solution can mitigate both manufacturing process
variation as well as variation caused by aging and change in
ambient temperature as it can be applied during the life time
of the circuit when the functional circuit is not in-use, for
example at idle cycles. In addition, according to at least one
embodiment the proposed solution has the advantages of
using less components, being less susceptible to local varia-
tion, and therefore less design complexity.

The invention claimed is:

1. A detection circuit formed as part of an integrated
circuit, the detection circuit comprising:

a signal generator configured to generate a reference

signal; and

an amplification circuit comprising a p-channel transistor

and an n-channel transistor, the amplification circuit
being affected by a variability also affecting a func-
tional circuit formed as part of the integrated circuit, the
variability causing the p-channel transistor and the
n-channel transistor to have different respective drive
strengths, and the amplification circuit being config-
ured to receive the reference signal and to provide an
amplified signal representative of a difference in the
respective drive strengths,

wherein the reference signal is more insensitive to the

variability than the amplified signal.

2. The detection circuit of claim 1, wherein the variability
includes at least one of a process variability, a supply voltage
variability, or a temperature variability.

3. The detection circuit of claim 1, wherein the signal
generator comprises a first component and a second com-
ponent, wherein the first component and the second com-
ponent are connected in series, and wherein the first com-
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ponent and the second component are each configured to
operate as a conducting diode.

4. The detection circuit of claim 3, wherein the first
component and the second component are sized such that
voltage fluctuations of the reference signal are less than
about 1%.

5. The detection circuit of claim 1, wherein the signal
generator is designed for reducing voltage fluctuations of the
generated reference signal in the presence of variabilities.

6. An integrated circuit comprising:

a signal generator configured to generate a reference

signal;

a functional circuit; and

an amplification circuit comprising a p-channel transistor

and an n-channel transistor, the amplification circuit
being affected by a variability also affecting the func-
tional circuit, the variability causing the p-channel
transistor and the n-channel transistor to have different
respective drive strengths, and the amplification circuit
being configured to receive the reference signal and to
provide an amplified signal representative of a differ-
ence in the respective drive strengths,

wherein the reference signal is more insensitive to the

variability than the amplified signal.

7. The integrated circuit of claim 6, wherein the variability
includes at least one of a process variability, a supply voltage
variability, or a temperature variability.

8. The integrated circuit of claim 6, wherein the functional
circuit comprises an n-channel transistor and a p-channel
transistor, the integrated circuit further comprising a control
circuit configured to receive the amplified signal and to
generate a bias voltage to be applied to the p-channel
transistor of the functional circuit and the n-channel tran-
sistor of the functional circuit for compensating a difference
in respective drive strengths of the p-channel transistor of
the functional circuit and the n-channel transistor of the
functional circuit.

9. The integrated circuit of claim 8, wherein the bias
voltage is further applied to the p-channel transistor of the
amplification circuit and the n-channel transistor of the
amplification circuit for compensating the difference in
respective drive strengths of the p-channel transistor of the
amplification circuit and the n-channel transistor of the
amplification circuit, and wherein the control circuit is
further configured to detect that the difference in respective
drive strengths of the p-channel transistor of the amplifica-
tion circuit and the n-channel transistor of the amplification
circuit is compensated, based on a voltage change in the
amplified signal.

10. The integrated circuit of claim 8, wherein the control
circuit comprises a memory for storing data representative
of the bias voltage, and wherein the control circuit is further
configured to select at least one bias voltage that reduces a
leakage power of the functional circuit.

11. The integrated circuit of claim 8, wherein the control
circuit is configured to generate a first bias voltage for the
p-channel transistor of the functional circuit and a second
bias voltage for the n-channel transistor of the functional
circuit.

12. A method comprising:

generating a reference signal, and

amplifying the reference signal with an amplification

circuit so as to provide an amplified signal representa-
tive of a difference in respective drive strengths of a
p-channel transistor of a functional circuit and an
n-channel transistor of the functional circuit, wherein
the functional circuit is formed as part of an integrated
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circuit, the integrated circuit being affected by a vari-
ability that causes the p-channel transistor and the
n-channel transistor to have different respective drive
strengths,

wherein generating the reference signal comprises gener-
ating a reference signal that is more insensitive to the
variability than the amplified signal.

13. The method of claim 12, wherein the amplified signal
is also representative of a difference in respective drive
strengths of a p-channel transistor of the amplification
circuit and an n-channel transistor of the amplification
circuit, the method further comprising:

receiving the amplified signal and generating a bias
voltage based on the amplified signal, and providing
the bias voltage to a transistor of the functional circuit.

14. The method of claim 13, wherein the amplified signal
is received by a control circuit.
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15. The method of claim 13, further comprising:

applying the bias voltage to the p-channel transistor of the

amplification circuit or the n-channel transistor of the
amplification circuit; and

detecting that the difference in drive strength between the

p-channel transistor of the amplification circuit and the
n-channel transistor of the amplification circuit is com-
pensated.

16. The method of claim 13, further comprising:

storing the bias voltage in a memory, and

selecting from the memory at least one bias voltage that

reduces a leakage power of the functional circuit.

17. The method of claim 13, wherein generating the bias
voltage comprises generating a first bias voltage for a
p-channel transistor of at least one of the functional circuit
or the amplification circuit and a second bias voltage for an
n-channel transistor of at least one of the functional circuit
or the amplification circuit.
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